Introduction
The catalytic dimerization of terminal alkynes is a straightforward and atom-economical method to synthesize conjugated enyne motifs, which are important building blocks for organic synthesis and key units found in a variety of biologically active compounds and synthetic conjugated polymers for optoelectronic applications. 1 Organo rare earth metal compounds have been reported to catalyze this transformation effectively with high selectivity. 2 For olefin polymerization and hydroamination/ cyclization catalysis by organo rare earth compounds, it has been demonstrated that the performance of this family of catalysts is strongly influenced by the ionic radius (a uniquely tunable parameter for the trivalent rare earth metals 3 ), ancillary ligands, and usage of neutral versus cationic species. 4, 5 For the catalytic dimerization of alkynes, however, as yet, little is known about the influence of these parameters.
Recently, we reported a highly efficient and regioselective cationic yttrium-based catalyst for Z-selective linear dimerization of terminal alkynes, employing the N-(2-pyrrolidin-1-ylethyl)-1,4-diazepan-6-amido (L). 2a Here we describe the synthesis and characterization of neutral dibenzyl, dialkynyl, and cationic monobenzyl scandium, yttrium, and lanthanum complexes supported by this ligand and a comparative study of their performance in the catalytic dimerization of phenylacetylenes.
Results and Discussion
Synthesis and Characterization of Dibenzyl Complexes (L)M(CH 2 Ph) 2 (M ) Sc, 1; M ) Y, 2; M ) La, 3). The rare earth metal tribenzyl compounds M(CH 2 Ph) 3 (THF) 3 have recently emerged as convenient organo rare earth metal starting materials, which are readily accessible from the reaction of rare (3) (a) Anwander, R. Top. Organomet. Chem. 1999, 2, 1. (b) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751. (4) For olefin polymerization: (a) Gao, W.; Cui, D. J. Am. Chem. Soc. 2008, 130, 4984. (b) van Leusen, D.; Tazelaar, C. G. J.; Hessen, B. Organometallics 2007 , 26, 1014 earth metal trihalides MX 3 (THF) n with benzyl potassium. 6 M(CH 2 Ph) 3 (THF) 3 reacts with 1,4,6-trimethyl-N-(2-pyrrolidin-1-ylethyl)-1,4-diazepan-6-amine (HL) 2a in toluene or THF to afford the dibenzyl complex (L)M(CH 2 Ph) 2 (M ) Sc, 1; M ) Y, 2; M ) La, 3) as yellow crystals after crystallization from a toluene/pentane mixture (isolated yield: 77% for 1; 80% for 2; 68% for 3) (Scheme 1). When performed in C 6 D 6 or THFd 8 , these reactions are seen by NMR spectroscopy to be quantitative. Compounds 1, 2, and 3 are highly air and moisture sensitive, but thermally robust and can be stored in the solid state or solution at ambient temperature without decomposition for a few months. The related yttrium dialkyl complex (L)Y (CH 2 SiMe 3 ) 2 2a in benzene solution gradually decomposes with release of TMS at ambient temperature. In C 6 D 6 solution, the pendant pyrrolidinyl groups in these complexes are coordinated to the metal centers, as both its R-and -H resonances are diastereotopic at ambient temperature. The benzyl methylene protons in 1, 2, and 3 are diastereotopic, with 1 H resonances (in benzene-d 6 at 25°C) at δ 2.24 and 2.11 ppm (J HH ) 8.4 Hz) for 1, δ 2.22 and 1.96 ppm (J HH ) 7.1 Hz and J YH ) 2.7 Hz) for 2, and δ 2.34 and 2.11 ppm (J HH not resolved due to fluxionality in benzene-d 6 at 25°C; J HH ) 7.5 Hz in toluene-d 8 at -30°C) for 3. The corresponding 13 C resonances (solvent: benzene-d 6 ) are found at δ 52.3 (J CH ) 114.8 Hz) for 1, δ 51.4 ppm (J CH ) 120.7 Hz and J YC ) 28.2 Hz) for 2, and δ 62.6 ppm (J CH ) 134.0 Hz) for 3.
Complexes 1, 2, and 3 were characterized by single-crystal X-ray diffraction, and their molecular structures are shown in Figure 1 , 2, and 3, respectively, together with selected bond lengths and bond angles. All three complexes crystallize in space group P1 j , and the crystals contain two independent molecules in the asymmetric unit cell, which do not differ significantly; for each compound, only one of them is explicitly discussed here. The scandium compound 1 contains two η 1 -bound benzyl groups per molecule, with Sc(1)-C(115)-C(116) ) 116.88(18)°v ersus Sc(1)-C(122)-C(123) ) 112.76(17)°. Each molecule of the yttrium compound 2 contains one η 1 -and one η 2 -bound benzyl group per molecule, with Y(1)-C(115)-C(116) ) 109.67(18)°versus Y(1)-C(122)-C(123) ) 96.60(16)°. In the lanthanum compound 3, both benzyl groups are η 2 -bound with La1-C115-C116 ) 89.4(2)°and La1-C122-C123 ) 93.8(2)°. The η 2 -bonding mode of the benzyl group might account for the aforementioned enhanced thermal stability of 2 versus its trimethylsilylmethyl analogue. In all compounds 1-3, the azepine moiety of the ligands is facially coordinated, with the shortest M-N distances to the amide nitrogen N13. The other two amine nitrogen atoms of the azepine moiety bind to the metal center unequally, with the differences of 0.197, 0.135, and 0.178 Å between the two M-N(amine) distances for 1, 2, . Molecular structure of (L)Sc(CH 2 Ph) 2 (1). Hydrogen atoms are omitted for clarity, and thermal ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles (deg): Sc(1)-N(11) ) 2.382(2), Sc(1)-N(12) ) 2.585(2), Sc(1)-N(13) ) 2.063(2), Sc(1)-N(14) ) 2.362(2), Sc(1)-C(115) ) 2.329(3), Sc(1)-C(122) ) 2.368(3), N(11)-Sc(1)-N(12) ) 66.93 (7) , N(11)-Sc(1)-N(13) ) 77.21 (8), N(11)-Sc(1)-N(14) ) 153.31 (7) , N(12)-Sc(1)-N(13) ) 75.33 (7) , N(12)-Sc(1)-C(115) ) 155.18(8), N(13)-Sc(1)-N(14) ) 76.16 (8), N(13)-Sc(1)-C(122) )154.19 (9) ,N(14)-Sc(1)-C(115))100.05 (8),N(14)-Sc(1)-C(122) )91.20(8),Sc(1)-C(115)-C(116))116.88(18),Sc(1)-C(122)-C(123) ) 112.76(17).
Figure 2.
Molecular structure of (L)Y(CH 2 Ph) 2 (2). Hydrogen atoms are omitted for clarity, and thermal ellipsoids are drawn at the 50% probability level. Selected bond lengths (Å) and angles
) 63.81(6), N(11)-Y(1)-N(13) ) 73.38 (7) , N(11)-Y(1)-N(14) ) 145.31(6), N(12)-Y(1)-N(13) ) 72.10 (7), N(12)-Y(1)-C(115) ) 152. 35(8) , N(13)-Y(1)-N(14) ) 72.07 (7) , N(13)-Y(1)-C(122) )149.54(8),N(14)-Y(1)-C(115))102.51(8),N(14)-Y(1)-C(122) )89.85(8),Y(1)-C(115)-C(116))109.67(18),Y(1)-C(122)-C(123) ) 96.60(16). and 3, respectively. The longer M-N(amine) bonds are located approximately trans to one of the benzyl groups, as seen by the angles N(12)-Sc(1)-C(116) ) 176.26°, N(12)-Y(1)-C(116) ) 175.18°, and N(11)-La(1)-C(123) ) 169.65°. Similar asymmetries were observed previously in triazacyclononaneamide rare earth metal dialkyls. 7
Generation of Cationic Species [(L)M(CH 2
Ph)] + . Upon reaction with 1 equiv of [PhNMe 2 H][B(C 6 F 5 ) 4 ] in the weakly coordinating polar solvent C 6 D 5 Br, the dibenzyl compounds 1-3 are cleanly converted to the corresponding cationic monobenzyl species [(L)M(CH 2 Ph)] + (as seen by NMR spectroscopy) with liberation of toluene and free PhNMe 2 . The cationic monobenzyl scandium and yttrium species are sufficiently stable to allow characterization by both 1 H and 13 C NMR spectroscopy at ambient temperature. This is in contrast to the related yttrium dialkyl compound (L)Y(CH 2 SiMe 3 ) 2 , 2a of which the corresponding cationic monoalkyl compound is insufficiently stable for characterization in the absence of a coordinating solvent like THF. The cationic monobenzyl lanthanum species in C 6 D 5 Br decomposes within an hour at ambient temperature and precipitates as a brown oily material; after decomposition, only toluene and PhNMe 2 could be detected in solution by 1 H NMR spectrometry. The 13 Stoichiometric Reactions of Compounds 1-3 with Phenylacetylene. Upon reaction with 2 equiv of phenylacetylene, the dibenzyl complex 1 is converted to the mononuclear dialkynyl scandium compound (L)Sc(CtCPh) 2 (4) and the dibenzyl complexes 2 and 3 to the dinuclear dialkynyl com-
They were obtained as colorless crystalline material after crystallization from a toluene/hexane mixture (isolated yield: 4, 73%; 5, 70%; 6, 66%) (Scheme 2). The 13 C resonances of M-C(tC-Ph) are found at δ 142.1 ppm for 4, 148.4 ppm for 5, and 162.1 ppm for 6. Room-temperature NMR spectra of 5 and 6 in toluene-d 8 indicate a C s symmetrically averaged structure, and lowering the temperature to -50°C results in a decoalescene of the o-Ph 1 H NMR resonance for both 5 and 6, indicating the presence of bridging and terminal alkynyl groups.
Compounds 4-6 were characterized by single-crystal X-ray diffraction, and the structures of 4 and 5 are shown in Figures 4 and 5, respectively (see Supporting Information for the structure of 6), together with selected bond distances and bond angles. The structure determination of 4 at 100 K was complicated by the occurrence of a low-temperature phase transition, causing splitting of the diffraction peaks. To avoid this problem, data collection was carried out at 222 K, resulting in successful structural characterization. Compound 4 features a distorted octahedral metal center, and the coordination sphere is composed of four nitrogens of the ligand L and two terminal alkynyl groups with Sc-C(15)-C(16) ) 172.4(3)°and Sc-C(23)-C(24) ) 172.3(3)°. Compounds 5 and 6 are isostructural, and only the structure of 5 is explicitly discussed here. Compound 5 is a centrosymmetric dimer with two alkynyl groups bridging the two yttrium centers. The core of the structure is a four-membered ring Y-C(23)-Y(_a)-C(23_a), which is essentially planar (the torsion angle Y-C(23)-Y(_a)-C(23_a) is 0.00(12)°). The azepine-amine and terminal alkynyl ligands in 5 adopt a trans-arrangement around the core. A cis-arrangement has been reported for a closely related dialkynyl complex, {[Me 2 TACN(CH 2 ) 2 NtBu]La(CtCPh)(µ-CtCPh)} 2 . 2d The bridging alkynyl groups are asymmetrically bound to the two yttrium centers, with Y-C(23) ) 2.530(5) Å and (3), La(1)-N(12) ) 2.683 (3), La(1)-N(13) ) 2.352(3), La(1)-N(14) ) 2.653(3), La(1)-C(115) ) 2.735(4), La(1)-C(116) ) 3.074(4), La(1)-C(122) ) 2.654(4), La(1)-C(123) ) 3.097(4), N(11)-La(1)-N(12) ) 60.38 (9) , N(11)-La(1)-N(13) ) 67.42(10), N(11)-La(1)-N(14) ) 96.98 (9) , N(12)-La(1)-N(13) ) 69.99(10), N(12)-La(1)-C(115) ) 122.58 (10), N(13)-La(1)-N(14) ) 68.69(10), N(13)-La(1)-C(122) )102.57 (11) ,N(14)-La(1)-C(115))87.66(10),N(14)-La(1)-C(122) )112.37(12),La(1)-C(115)-C(116))89.4(2),La (1) Table 1 . The neutral scandium compound 1 and its corresponding dialkynyl compound 4 do not show catalytic activity toward phenylacetylene in C 6 D 6 at 80°C (entry 1), but traces of Z-dimer and head-to-tail gem-dimer (2,4-diphenylbut-1-en-3-yne) are observed when the reaction mixture is heated at 120°C for 2 h. The neutral yttrium complex 2 and the neutral lanthanum complex 3 can efficiently dimerize phenylacetylene (50 equiv) to Z-1,4-diphenylbut-1-en-3-yne in benzene solvent with full conversion and selectivity. Compound 3, with the larger metal (La), shows the higher activity of the two (entries 2 and 3). The isolated dimeric diacetylide complexes 5 and 6 dimerize phenylacetylene at identical rates to their corresponding dibenzyl precursors 2 and 3, respectively (entries 4 and 5). The steric hindrance of an ortho-substituent (substrate: 2-ethynyltoluene) shuts down the catalysis by the yttrium complex 2 (entry 9), but for the lanthanum compound 3 it only slows down the catalysis, which still proceeds to full conversion (entry 10).
The combination of the scandium compound 1 and [PhNMe 2 H]-[B(C 6 F 5 ) 4 ] sluggishly dimerizes phenylacetylene, but two products (52% Z-dimer and 48% head-to-tail gem-dimer) are observed (entry 6). The ionic yttrium catalyst system 2/[PhNMe 2 H][B(C 6 F 5 ) 4 ] in bromobenzene (entries 7 and 11) shows the same activity with phenylacetylene and 2-ethynyltoluene as the (L)Y (CH 2 SiMe 3 ) 2 / [PhNMe 2 H][B(C 6 F 5 ) 4 ] catalyst reported previously. 2a The combination of the lanthanum complex 3 and [PhNMe 2 H][B(C 6 F 5 ) 4 ] only sluggishly dimerizes phenylacetylenes, but still shows Z-selectivity (entries 8 and 12). The thermolability of the cationic La-species and its poor solubility, mentioned above, may account for this low efficiency.
The kinetics of the dimerization of phenylacetylene by the two most active catalyst systems, the ionic yttrium system 1/[PhNMe 2 H][B(C 6 F 5 ) 4 ] and the neutral lanthanum system 2, were studied. Plots of the conversion versus time are shown in Figure 4 . The catalysis by the ionic yttrium system shows a zero-order dependence on substrate concentration over the entire (2), Sc-N(2) ) 2.373 (3), Sc-N(3) ) 2.045(2), Sc-N(4) ) 2.333 (3), Sc-(15) ) 2.262 (3), Sc-C(23) ) 2.296(4), C(15)-C16) ) 1.208(5), C(23)-C(24) ) 1.214 (5), N(1)-Sc-N(2))68.08 (9) ,N(1)-Sc-N(3))75.16 (9) ,N(1)-Sc-N(4) ) 107.3(1), N(1)-Sc-C(15) ) 159.92(10), N(2)-Sc-N(3) ) 78.88(10), N(2)-Sc-N(4) ) 155.52(10), N(3)-Sc-N(4) ) 76.74(10), N(3)-Sc-C(23) ) 151.79 (11) (3), Y-C(15) ) 2.456(4), Y-C(23) ) 2.530(5), Y(_a)-C(23) ) 2.701(4), N(1)-Y-N(2) ) 62.87 (9) , N(1)-Y-N(3))71.82(10),N(1)-Y-N(4))127.93 (9) ,N(2)-Y-N(3) ) 90.09 (11) , N(2)-Y-C(15) ) 146.12 (14), N(3)-Y-N(4) ) 67.70 (11) , N(3)-Y-C(23) ) 118.19 (13) , N(4)-Y-C(15) ) 78.51 (13) , N(4)-Y-C(23) ) 81.41 (12), Y-C(15)-C(16) ) 172.3(4), Y-C(23)-C(24) ) 133.1(4), C(15)-C(16)-C(17) ) 174.8(5), C(23)-C(24)-C(25) ) 179.6(4), C(23)-Y-C(23_a) ) 76.16(4).
Scheme 3. Catalytic Z-Selective Dimerization of Phenylacetylenes
conversion range. The neutral lanthanum system shows a zeroorder dependence on substrate concentration only over the first 50% conversion, suggesting a change in rate-determining step at lower substrate concentrations. As yet, the precise mechanism leading to the Z-selective dimerization is unclear. Mechanistic investigations are in progress and will be reported separately.
Conclusions
The 1,4,6-trimethyl-N-(2-pyrrolidin-1-ylethyl)-1,4-diazepan-6-amido ligand is able to support well-defined neutral and cationic benzyl and alkynyl scandium, yttrium, and lanthanum complexes and thus is suitable as a monoanionic tetradentate ancillary ligand over the full size range of the rare earth metals.
These rare earth metal alkyl and alkynyl derivatives are active in the catalytic dimerization of phenylacetylenes. Both the metal ionic radius and the neutral or cationic nature of the catalyst species have an influence on the catalytic performance. The neutral and cationic yttrium and lanthanum complexes catalyze the linear head-to-head dimerization of phenylacetylenes with full selectivity for the Z-dimer. For yttrium, the cationic catalyst is clearly more active than its neutral precursor, but for the larger metal, lanthanum, the neutral catalyst shows the higher activity. The smallest metal in the series, scandium, not only shows the lowest catalyst activity but also lacks regioselectivity, producing both head-to-head and head-to-tail dimerization products. For practical application in the catalytic synthesis of Z-enynes, the La-system is most convenient, as it obviates the use of a fluorinated borate cocatalyst and a weakly nucleophilic polar solvent like bromobenzene. It also is less sensitive to steric hindrance in the substrate, which should allow for the widest substrate scope.
Experimental Section
General Remarks. All reactions and manipulations of air-and moisture-sensitive compounds were performed under a nitrogen atmosphere using standard Schlenk, vacuum line, and glovebox techniques, unless mentioned otherwise. Toluene and hexane (Aldrich, anhydrous, 99.8%) were passed over columns of Al 2 O 3 (Fluka), BASF R3-11-supported Cu oxygen scavenger, and molecular sieves (Aldrich, 4 Å). THF (Aldrich, anhydrous, 99.8%) was dried over Al 2 O 3 (Fluka). All solvents were degassed prior to use and stored under nitrogen. Deuterated solvents (C 6 D 6 , C 7 D 8 , C 4 D 8 O; Aldrich) were vacuum-transferred from Na/K alloy, and C 6 D 5 Br was dried and distilled from CaH 2 . NMR spectra were recorded on Varian Gemini VXR 300, Varian Gemini VXR 400, or Varian Inova 500 spectrometers in NMR tubes equipped with a Teflon (Young) valve. The 1 H NMR spectra were referenced to resonances of residual protons in deuterated solvents. The 13 C NMR spectra were referenced to carbon resonances of deuterated solvents and reported in ppm relative to TMS (δ 0 ppm). Elemental analyses were performed in the Microanalysis Department of the University of Groningen, and the reported values are the average values of two independent determinations. Phenylacetylene and 2-ethynyltoluene were purchased and dried and distilled from CaH 2 prior to use. La (CH 2 Ph) 3 (THF) 3 6c and N-(2-pyrrolidin-1-ylethyl)-1,4-diazepan-6-amine (HL) 2a were prepared according to published procedures. Y(CH 2 Ph) 3 (THF) 3 was prepared from YCl 3 (THF) 3.5 and KCH 2 Ph following the protocol for La (CH 2 Ph) 3 (THF) 3 .
Synthesis of (L)Sc(CH 2 Ph) 2 (1). A solution of HL (0.13 g, 0.52 mmol) in toluene (5 mL) was added to a solution of Sc(CH 2 Ph) 3 -(THF) 3 (0.24 g, 0.52 mmol) in toluene (20 mL), and the resulting mixture was stirred at room temperature for 30 min. Volatiles were removed under vacuum, and the residue was dissolved in toluene (3 mL). Pentane (5 mL) was carefully layered on top of the resulting red solution. Upon cooling to -30°C, crystalline material formed. The mother liquor was decanted, and the solid was dried under reduced pressure, affording the title compound as a pale yellow solid (0.19 g, 0.40 mmol, 77%). 1 H NMR (500 MHz, C 6 D 6 , 25°C
) δ: Ph) , solvent: C 6 D 6 (0.5 mL) for neutral catalysts and C 6 D 5 Br (0.5 mL) for ionic catalysts. b Determined by in situ NMR spectroscopy. c 48% head-to-tail gem-dimer (2,4-diphenylbut-1-en-3-yne) was also formed. , 9.02; N, 11.66. Found: C, 69.50; H, 9.03; N, 11.26 .
Synthesis of (L)Y(CH 2 Ph) 2 (2). A solution of HL (0.28 g, 1.10 mmol) in toluene (5 mL) was added to a suspension of Y(CH 2 Ph) 3 -(THF) 3 (0.63 g, 1.10 mmol) in toluene (30 mL). The resulting mixture was stirred at room temperature for 30 min and then filtered. The filtrate was concentrated to about 3 mL. Pentane (5 mL) was carefully layered on top of the resulting red solution. Upon cooling to -30°C, crystalline material formed. The mother liquor was decanted, and the solid was dried under vacuum, yielding the title compound as a pale yellow solid (0.45 g, 0.86 mmol, 80% 13 (11, (20, (21 (11, (20, (22 (11, -20f21, ( (13, (15, -26f23 (15, -16f18, (19 (17, (17, (17 no. of 
